Absra act. Survival of rats exposed to 100% oxygen was increased from 69.5±1.5 to 118.1±9.9 h (mean±SEM, P < 0.05) when liposomes containing catalase and superoxide dismutase were injected intravenously before and during exposure. The increased survival time in 100% oxygen was also associated with significantly less fluid in the pleural cavity. Rats injected with catalaseand superoxide dismutase-containing liposomes, which had increased survival in 100% oxygen, had increased lung wet weight upon autopsy compared with saline-injected controls (2.9±0.2 g/lung vs. 4.8±0.4 g/lung, mean±SE, P < 0.05). Intravenous injection of control liposomes along with catalase and superoxide dismutase in the suspending buffer decreased the mean pleural effusion volume 89% and had no significant effect on survival time. Lung catalase and superoxide dismutase activities were increased 3.1-and 1.7-fold, respectively, 2 h after a single intravenous injection of liposomes containing catalase or superoxide dismutase. Superoxide dismutase activity was also significantly greater than controls in both air-and 100% oxygen-exposed rat lungs, when enzyme activity was assayed 24 h after cessation of injection of control and oxygen-exposed rats with enzymecontaining liposomes every 12 h for 36 h. Free superoxide dismutase and catalase injected intravenously in the absence of liposomes did not increase corresponding lung enzyme activities, affect pleural effusion volume, lung wet weight, or extend the mean survival time of rats Preliminary results of these studies were presented at the Third International Conference on superoxide and superoxide dismutases, Ellenville, NY, October 1982.
alase and superoxide dismutase were injected intravenously before and during exposure. The increased survival time in 100% oxygen was also associated with significantly less fluid in the pleural cavity. Rats injected with catalaseand superoxide dismutase-containing liposomes, which had increased survival in 100% oxygen, had increased lung wet weight upon autopsy compared with saline-injected controls (2.9±0.2 g/lung vs. 4 .8±0.4 g/lung, mean±SE, P < 0.05). Intravenous injection of control liposomes along with catalase and superoxide dismutase in the suspending buffer decreased the mean pleural effusion volume 89% and had no significant effect on survival time. Lung catalase and superoxide dismutase activities were increased 3.1-and 1.7-fold, respectively, 2 h after a single intravenous injection of liposomes containing catalase or superoxide dismutase. Superoxide dismutase activity was also significantly greater than controls in both air-and 100% oxygen-exposed rat lungs, when enzyme activity was assayed 24 h after cessation of injection of control and oxygen-exposed rats with enzymecontaining liposomes every 12 h for 36 h. Free superoxide dismutase and catalase injected intravenously in the absence of liposomes did not increase corresponding lung enzyme activities, affect pleural effusion volume, lung wet weight, or extend the mean survival time of rats Introduction A number of pharmacologic approaches have been used in attempts to prevent the toxic effect of oxygen upon lungs and most have failed to have substantial impact. Intravenous or intraperitoneal injection of corticosteroids, prostaglandin synthesis inhibitors, vitamin E, or free superoxide dismutase (SOD) ' have not prolonged the lethal effects of 100% oxygen (1, 2) .
Tolerance to 100% oxygen can be induced by preexposure of rats to 85% oxygen, but this tolerance-inducing exposure to hyperoxia does not prevent most ofthe cellular damage induced by oxygen (3, 4) . Increased lung antioxidant enzyme activities after 85% oxygen exposure, including SOD and catalase, are an adaptive metabolic response associated with increased tissue production of oxygen metabolites and tolerance of rats to the lethal effect of 100% oxygen (3) . Small doses of endotoxin also protect rats from oxygen toxicity, possibly by increasing the activity of oxygen protective enzymes including catalase, SOD, and glutathione peroxidase (5) . Increased rates of superoxide and hydrogen peroxide production occur in lung tissue and in isolated lung subcellular organelles during hyperoxia (6) (7) (8) (9) . These observations support the hypothesis that an increased rate of generation of partially reduced oxygen species by lung cells is a primary mechanism of hyperoxic lung damage (10) . Thus, it should be possible to reduce pulmonary oxygen toxicity by increasing the concentration of lung cell enzymatic defenses against generation of partially reduced species of oxygen, which include superoxide, hydrogen peroxide, and hydroxyl radical. Specific augmentation of lung catalase and SOD could both reduce oxygen toxicity and directly demonstrate the participation of reduced species of oxygen in oxygen toxicity.
Entrapment of biologically active substances in liposomes is an efficient method for delivery of macromolecules to isolated cells in vitro or target organs in vivo (I1 1-13). Nucleic acids ( 14, 15) , proteins (16) , and antitumor drugs (17) can become cellassociated and biologically active, both in vitro and in vivo, using liposomes as transmembrane vectors. The intracellular content of these macromolecules can be increased severalfold.
Methods
Liposome preparation. Liposomes were prepared by reverse-phase evaporation (18) and consisted of L-a-dipalmitoylphosphatidylcholine (DPPC)/cholesterol/stearylamine, (14:7: 4, mol/mol). Lipids dissolved in chloroform (usually 25 ml, 6.8 Mmol DPPC/ml) were mixed with an aqueous solution of enzyme (8 ml) in 4 Treatment of rats with liposomes and oxygen exposure. Studies were carried out using 325-350 g male, specific pathogen-free, Sprague Dawley, CD strain rats (Charles River Breeding Laboratories, Wilmington, MA). Each rat was injected with -40 jsmol phospholipid in 2.0 ml 0.15 M NaCl, 10 mM potassium phosphate, pH 7.4. Liposomeassociated enzyme activities are specified in Results for individual experiments. Before injection, liposomes were passed through a 27-gauge needle to disperse aggregates. All rat groups were injected in the tail vein 1 h before the first liposome injection with 2 ml 0.2% (wt/vol) latex beads (0.7 ,sm, Duke Scientific Corp., Palo Alto, CA) suspended in 0.15 M NaCl, 10 mM potassium phosphate, pH 7.4 (20) . When studying the kinetics of liposome clearance by lungs, animals were killed for analysis at intervals after intravenous liposome injection. For oxygen toxicity studies, rats were first injected in the tail vein with 2 ml 0.2% (wt/vol) latex beads and injected 1 h later with saline, liposome preparations, or free enzymes. Rats were then immediately exposed to 100% oxygen as previously described (4) . Liposome, but not latex bead injections were repeated every 12 h thereafter for the first 36 h of oxygen exposure. Rats were maintained continuously in 100% oxygen, even when removed from exposure chambers for injection.
Biochemical analysis. Lungs were perfused through the pulmonary artery with 0.15 M NaCl, 10 mM potassium phosphate, pH 7.4, to remove blood elements for measurement of lung SOD and catalase activity and liposome uptake. Lungs were homogenized with a Polytron cell disruptor (Brinkmann Instruments, Rexdale, Ontario, Canada) in 10 ml 5 mM Tris-HCI, pH 7.4. Lung homogenates were centrifuged at 1,400 g for 10 min to remove fibrous material that caused light scattering during spectrophotometric enzyme assays.
Control rat lungs had no l,400-g-sedimentable SOD and catalase activity, but perfused and liposome-treated rats had both significant sedimentable enzyme activity and '25I-labeled SOD and catalase (which for these experiments served as tracers of liposome contents) that sedimented. For the first 1-4 h after liposome injection, up to 80% of the liposome-delivered enzyme radioactivity was associated with the 1,400-g pellet, suggesting sedimentation of intact liposomes with lung homogenate debris. To more accurately quantify uptake of liposomes by lungs, different methods of lung homogenization were tested to obtain optimal solubilization of the presumably intact lung-associated liposomes soon after injection. Lungs were homogenized in 5 mM Tris-HCI, pH 7.4, containing up to 1% Triton X-100, 1% sodium deoxycholate, 0.2% digitonin, or 0.2% sodium dodecyl sulfate (SDS). Greater detergent concentrations could not be tested since gel formation during homogenization made further analysis ofenzymatic activity impossible. Enzyme released after homogenization in the presence of these detergents was measured by comparing the '25I-enzyme present in lung supernatants following centrifugation at 1,400 g with the '25I-enzyme present in aliquots of uncentrifuged homogenates of the same sample. Homogenization of lungs in the presence of 0.2% SDS gave more than a 60% solubilization of lung-associated catalase or SOD. Homogenization after the addition of the other detergents only released between 20 and 40% of the lungassociated radioactivity and, at higher concentrations, these other detergents inhibited enzyme activity. Thus, for measurement of lung SOD and catalase activities both before and after liposome treatment, all lungs were homogenized in 5 mM Tris-HCI, 0.2% SDS, pH 7.4. The enzyme activity measured following homogenization with 0.2% SDS represented the total amount of enzyme delivered to the lung by liposomes. This probably underestimates the actual amount of liposome-mediated delivery of catalase and SOD to lungs by up to 40%, soon after liposome injection.
The contribution of blood cell SOD and catalase activity to perfused whole lung enzyme activity was <5%. Lung enzyme activity after oxygen exposure was affected to a greater extent by that due to residual blood content. Thus, lung enzyme activity measured after liposome injection and hyperoxic exposure was corrected for SOD and catalase content of contaminating blood. This was done using the method of Cross et al. (21) . Briefly, a blood sample was removed from the inferior vena cava of rats after pentobarbital anesthesia using a heparinized syringe. The hemoglobin content of the blood sample and lung homogenate was determined, enzyme activities of blood and lung assayed, and each lung enzyme activity corrected for blood contamination, which ranged from 0 to 5 Al for control rats and 12 to 60 Ml for rats exposed to 100% oxygen for 60 h. Correction for blood contribution to lung enzyme activity also eliminated the artifactual increase of lung tissue SOD and catalase activity that occurred in liposome-injected rats having circulating liposome-associated enzyme activity in conjunction with blood element enzymes.
Catalase activity was assayed according to Bergmeyer (22) . Whole lung SOD activity was measured according to Sjostrom and Crapo (23) using cytochrome c in the presence of 10 MM KCN, to avoid cytochrome c reoxidation by lung homogenate cytochrome c oxidase. Protein was measured using the method of Lowry et al. (24) Triton X-100 and sonication (Fig. 1 ). An increase from virtually no detectable SOD activity to 100 U SOD/,umol DPPC was Figure 1 . (Table  I) , after lungs were homogenized in the presence of 0.2% SDS.
From this, it was calculated that 6.2% of injected catalase and 5.8% of injected SOD was lung associated 2 h after liposome injection. Intravenous injection of similar activities of free SOD or catalase did not increase lung-associated catalase or SOD activity.
Half-life of catalase in circulation and in lung. Rats were injected with 1 mg free or liposome-entrapped SOD (Fig. 2) and catalase (Fig. 3) , to determine the half-life of these enzymes in the circulation. As a control, paired rats were also injected with saline-containing ("empty") liposomes plus free enzyme. Fig. 2 shows that the circulating half-life of SOD was 8 min and became 4.2 h when liposome-entrapped. The half-life of free catalase in the circulation was 20 min and was 2.4 h when liposome entrapped (Fig. 3) . The presence of "empty" liposomes (40 umol phospholipid/rat) did not affect the circulating halflife of either free SOD or catalase (Figs. 2 and 3) .
Calculations from the experiment reported in Table I and knowledge of enzyme-specific activities (Methods) showed that liposomes containing either catalase or SOD delivered similar quantities of enzyme protein to lungs (75-125 gg protein). Mmol phospholipid (A). At selected intervals, IOO-Ml blood samples for enzyme assay were removed from the inferior vena cava of pentobarbital-anesthetized rats, centrifuged, hematocrit determined, and enzyme activity of the serum determined.
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Activity per milliliter whole blood was then calculated from the packed cell volume of each sample.
However, the combination of endogenous lung catalase and SOD activities and the greater specific activity of catalase (6-7 X I04 U/mg protein) compared with SOD (3 X 103 U/mg protein) resulted in a greater degree of liposome-dependent augmentation ofendogenous lung catalase activity than SOD activity (Table I) (Fig. 4) . '251I-Catalase delivered via liposomes was cleared from lung and obeyed first order kinetics for 6 h after injection. 24 h after injection of liposomes, 1,800±200 cpm remained in lung tissue. At this time, catalase activity in lungs was not significantly different from controls, suggesting that the 1251 was not associated with active enzyme.
Catalase activity decreased in rat lungs according to first order kinetics for up to 12 h after liposome injection. The half-lives of liposome-augmented lung catalase activity calculated from enzyme activity and radiolabel methods were 1.9 and 2.6 h, respectively (Fig. 4) (t = 0) and at t = 12, 24, and 36 h. This is the same injection schedule used for oxygen toxicity studies reported in Table III and Fig. 5 . Table II shows that only SOD was significantly increased (186%) 24 h after liposome injections were stopped, in both air-and 100% oxygen-exposed rats. There was no significant change in both SOD and catalase activity in noninjected 100% oxygen-exposed rat lungs, agreeing with previous observations (4) . Liposome-injected rats exposed to 100% oxygen did not have significantly different SOD and catalase activity, compared with liposome-injected rats maintained in room air, showing that 100% oxygen did not further increase the activity of these antioxidant enzymes. Protection of rats against oxygen toxicity. Groups of rats were exposed to 100% oxygen and injected every 12 h, beginning at t = 0 with saline, control liposomes, free catalase and SOD, control liposomes plus free catalase and SOD, liposomes containing SOD alone, liposomes containing catalase alone or both SOD and catalase-containing liposomes. Rats were kept in 100% oxygen continuously, even when given injections after beginning 100% oxygen exposure. Lung wet weight and the amount of pleural effusion present after death were measured upon autopsy (Table III) . Exposed rats injected with catalase plus SOD liposomes, catalase liposomes, and control liposomes plus free catalase and SOD had significantly less fluid in the pleural cavity after death compared with saline-injected controls (0.5±0.3 ml, 2. 1 + 1.0 ml, and 4.9±1.4 ml, respectively, all P < 0.05, mean±SEM) (Table III) . Only rats injected with catalase plus * Rats were injected intravenously with a total volume of 2 ml saline or a suspension of liposomes (60-90 umol DPPC) containing either saline, catalase (8-9.8 X 104 U), or SOD (2-3 X 103 U) suspended in saline. Free catalase (5 X 104 U/ml) and SOD (2 X 103 U/ml) were injected in 2 ml saline.
$ § Values having the same symbol superscript are not significantly different from each other (P < 0.05).
All values represent mean±SEM and are compiled from experiments done on three to five separate occasions.
SOD liposomes had significantly greater survival time in 100% oxygen. The time for 50% survival (LT50) for this group of rats increased from 69.5±1.5 to 118±9.9 h (P < 0.05, mean±SEM, Table III and Fig. 5 ).
Discussion
Intravenous injection of liposomes containing catalase plus SOD increased the survival time of rats exposed to 100% oxygen. The LT30 increased from 70 to 1 10 h and the volume of pleural effusion at autopsy decreased from 9.8±0.5 to 0.4±0.3 ml (Table   III , Fig. 5 ). Protection appears to be due to the antioxidant activity of both catalase and SOD, since liposomes containing either catalase or SOD alone and control liposomes plus free catalase and SOD did not increase LT50. A single injection of liposomes containing catalase and SOD increased the activity of these enzymes in rat lungs 3.1-and 1.7-fold, respectively, 2 h after injection (Table I) . In a separate experiment, it was shown that 24 h after cessation of injection of SOD plus catalase liposomes (injections given every 12 h for 36 h as for 100% oxygen exposure), lung SOD activity was significantly greater than controls, in both air and 100% oxygen-exposed groups (Table III) .
Intravenously injected liposomes will primarily interact with the first lung cell surface they come in contact with, a likely candidate being the capillary endothelial cell. Since this cell type accounts for 14% of the total cell volume of rat lungs (4), it is possible that liposome-mediated augmentation of enzyme activity occurs in this cell type, which cannot be detected by enzyme assay of whole lung homogenates at extended times after liposome injection.
The half-life of intravenously injected native SOD and catalase in the circulation was 8 and 20 min, respectively, in agreement with previous observations (29) . The shorter circulating half-life of the smaller CuZn SOD (31,000 mol wt) may be due to more rapid renal clearance, compared with catalase (210,000 mol wt). Liposome entrapment significantly extended the circulating half-life of these enzymes up to 5 h, depending on the enzyme content. This half-life for circulating liposomes is similar to previous observations, for liposomes having similar composition and different contents (28) . The clearance of SOD and catalase from the circulation and catalase from lungs obeyed first order kinetics, according to a one-compartment model (Figs. 2-4, [26, 28] ). The rate constant of catalase radioactivity clearance from both blood and lung decreased significantly at 6 h after injection (Fig. 4) . This change in the rate constant is probably due to loss of '251-label from catalase rather than biphasic kinetics of clearance. Catalase activity assay at various times after injection supports this conclusion. The lung capillary bed is the first to come in contact with intravenously injected liposomes. 15 min after injection of liposomes, 14% of liposomal '251-catalase was associated with the lung. After injection of4.44 X 105 cpm liposome-entrapped catalase, 6,200±344 cpm/ml blood (mean±SD, n = 4) was found in the circulation 15 min after liposome injection. Since a 270-g rat has -15 ml blood (30) , it was calculated that 20% of injected liposomes remained in circulation at this point, either free or blood cell-associated. (31) . A number of approaches, such as varying liposome size by preparation methodology and altering charge, by using positive and negative amphiphiles, will alter tissue distribution of intravenously injected liposomes. In addition, mechanisms of liposome uptake by cells may be altered by changes in liposome physical characteristics (32) . Contradictory liposome size and charge characteristics for optimal organ and cell uptake have been reported (20, (33) (34) (35) .
Since liposomes were administered intravenously, both lung capillary endothelial cells and phagocytic cells (capable of ingesting liposomes and marginating into lung tissue [36] [37] [38] ) are potential lung cell types that would interact with liposomes. It remains to be determined whether the liposomes became associated with lung cells by adsorption to cell surfaces, fusion with cell membranes, phagocytosis, or by a combination of these mechanisms (31) . Even though intravenous injection of rats with liposomes containing SOD or catalase increased whole lung SOD and catalase activity between 1.7-and threefold (Table  I) , the actual concentration of these enzymes in the cellular milieu of target cells was probably severalfold greater because of preferential uptake by specific lung cell types. In vitro studies of cultured porcine aortic endothelial cells have shown that liposome-mediated SOD delivery can augment endogenous cellular enzyme activity up to sevenfold, and will also render the cells more resistant to hyperoxic injury (39) .
Oxygen toxicity is due in part to increased generation of superoxide and hydrogen peroxide in lung cells (7) (8) (9) (10) . The experiments described in this report show that augmentation of lung defenses against superoxide and hydrogen peroxide using SOD-and catalase-containing liposomes can decrease oxygen injury. The need for liposome-mediated augmentation of both enzymes, for extension of survival time, suggests that both superoxide and hydrogen peroxide are important mediators of in vivo oxygen injury. Following intravenous injection and tissue uptake, liposome-delivered catalase and SOD could scavenge either subcellular organelle-derived oxygen species or partially reduced species of oxygen generated by phagocytic cells infiltrating into or residing in oxygen-damaged lungs (40, 41) . It may be possible to extend the use of liposomes containing antioxidant enzymes to other situations where tissue damage due to overproduction of partially reduced oxygen species is problematic, such as inflammation, toxicity from quinoid antibiotics and anthracyclic chemotherapeutic agents, paraquat poisoning (42), or ischemia reperfusion injury (43) .
